Ciliary neurotrophic factor (CNTF) has been implicated in the development, survival, and maintenance of a broad range of neurons and glia in the peripheral nervous system and the CNS. Evidence also suggests that CNTF may affect development of cells outside the nervous system. We have found that functional CNTF and its receptor are expressed in developing embryonic chick heart and may be involved in parasympathetic synapse formation. CNTF and CNTF receptor mRNA levels were highest at embryonic day 11 (E11)-E13, the period of parasympathetic innervation in chick atria. Levels of atrial CNTF receptor mRNA were fourfold greater at E13 than at E6 and at E13 were 2.5-fold higher in atria than in ventricle, corresponding to the higher degree of parasympathetic innervation occurring in atria. Treatment of isolated atria or cultured atrial myocytes with recombinant human or avian CNTF resulted in the tyrosine phosphorylation and nuclear translocation of the signal transducer and activator of transcription STAT3. The developmental increase in atrial CNTF receptor mRNA was enhanced by stimulating muscarinic receptors with carbachol in ovo and was inhibited by blocking muscarinic cholinergic receptors with atropine. Treatment of cultured atrial myocytes with CNTF resulted in a twofold increase in the levels of muscarinic receptors. Thus, CNTF was able to regulate a key component of parasympathetic synapses on atrial myocytes. These results suggest a postsynaptic role for CNTF in the onset of parasympathetic function in the developing heart and provide new clues to molecular mechanisms directing synapse formation at targets of the autonomic nervous system.
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In the vertebrate heart, there is robust parasympathetic innervation of atria that inhibits pacemaker activity, atrial contractility, and atrioventricular conduction. Relatively little is known, however, about the f undamental mechanisms for establishing parasympathetic synapses in the heart (Hirst et al., 1996) . Recently, a new class of potential cardiac and /or neurotrophic factors, the neuropoietic cytokines, was described (K ishimoto et al., 1994) . This group of mammalian factors, including ciliary neurotrophic factor (C N TF), its avian counterpart [growth-promoting activity (GPA)], leukemia inhibitory factor (LI F), oncostatin M, interleukin 6, interleukin 11, and cardiotrophin 1, displays some common biological activities, has structural similarities, and shares receptor subunits and signal transduction pathways (K ishimoto et al., 1992; Leung et al., 1992; Stahl and Yancopoulos, 1993; Fann and Patterson, 1994; Pennica et al., 1995; Symes et al., 1997) .
CN TF was identified, purified, and cloned based on its neurotrophic activity for parasympathetic neurons of cultured embryonic chick ciliary ganglia (Adler et al., 1979; Lin et al., 1989; Stöckli et al., 1989; Leung et al., 1992) . The known receptor complex for the CNTF-related cytokines includes gp130 as a signal transducer and, except for interleukin 6 and 11, the LIF receptor ␤ subunit (Gearing et al., 1992; Davis et al., 1993; Yang, 1993; Pennica et al., 1995) . CNTF receptor signaling is initiated by binding to a unique ␣ component that results in subunit oligomerization and activation of an associated Jak tyrosine kinase Boulton et al., 1994) . Jaks induce phosphorylation of tyrosine residues on the receptor that then selectively bind cytoplasmic proteins including signal transducers and activators of transcription, STATs (Ihle, 1996) . In chick ciliary ganglia, CNTF induces the tyrosine phosphorylation primarily of STAT3 (Wishingrad et al., 1997) .
CNTF also has survival activity for motor, sensory, sympathetic, and hippocampal neurons, regulates nicotinic acetylcholine receptors on autonomic neurons, and regulates neurotransmitter expression in sympathetic and central neurons (Halvorsen and Berg, 1989; Oppenheim et al., 1991; Ip and Yancopoulos, 1994; Lewis et al., 1994; Sendtner et al., 1994; Sun et al., 1994) . CNTF and LIF may have important effects on skeletal neuromuscular junction development, maintenance, and regeneration (English and Schwartz, 1995; Ip et al., 1995; Li et al., 1995; Stoop and Poo, 1995; Jordan, 1996; Pennica et al., 1996; Kurek et al., 1997) . CNTF-related cytokines also affect cardiac development. Chick cardiac muscle expresses CNTF activity and CNTF receptor mRNA during embryogenesis (Collins, 1985; Wang and Halvorsen, 1998) . In rat ventricular cells, cardiotrophin-1, LIF, and, to a much lesser extent, CNTF induce hypertrophy, promote survival, and stimulate immediate-early gene expression (Wollert et al., 1996; Sheng et al., 1997) . Null mutations in the gp130 gene result in ventricular hypoplasia, whereas gain-of-f unction gp130 mutants exhibit ventricular hypertrophy (Hirota et al., 1995; Yoshida et al., 1996) .
In embryonic chick atria, f unctional coupling of vagal stimulation to inhibition of heart rate develops from embryonic day 10 (E10) to E12 and is mediated by acetylcholine acting on muscarinic receptors to open K ϩ channels in the sinoatrial node (Pappano and L öffelholz, 1974 ). Here we report that C N TF receptors are expressed on embryonic cardiomyocytes and that peak levels correspond with the appearance of f unctional parasympathetic innervation of the atrium. Furthermore, we show that CNTF receptor level is enhanced by muscarinic cholinergic activity in ovo and that C N TF upregulates muscarinic receptors in cultured atrial myocytes.
MATERIALS AND METHODS
Cell culture. Enriched cultures of atrial and ventricular myocytes were prepared from 8-to 9-d-old chick embryos by preplating to remove nonmyocytes and were used after 3-4 d of incubation as described previously (Hunter and Nathanson, 1986; L u and Halvorsen, 1997) . This preplating procedure removes ϳ95% of fibroblasts from the cell suspension (Galper et al., 1984) . Chick ciliary ganglion neurons were cultured from E8 embryos in medium supplemented with 25 mM KC l to provide for cell survival as described previously (Koshlukova et al., 1996) .
R NA preparation and Northern blots. Total RNA was isolated by a single-step method using guanidinium thiocyanate -phenol -chloroform extraction (Chomczynski and Sacchi, 1987) , and poly(A ϩ ) mRNA was collected through one passage over oligo-dT cellulose columns. Total RNA (20 g / lane) or poly(A ϩ ) RNA (10 g / lane) was separated on an 0.8% agarose gel containing 6.3% formaldehyde. Northern blot analysis was performed using 5 ϫ 10 6 cpm /ml of an [␣-32 P]dATP-labeled 269 nucleotide chick C N TF (GPA) probe (Leung et al., 1992) or a 571 nucleotide C N TF receptor ␣ probe (Heller et al., 1995; Wang and Halvorsen, 1998) . After hybridization at 42°C for 16 hr and highstringency washing at 65°C, the blots were exposed to Kodak X-omat film. As an internal control, the blots were stripped and then hybridized with a ribosomal L -27 probe following the same procedure (Lebeau et al., 1991; Wang and Halvorsen, 1998) . Data from the indicated number (n) of experiments are expressed as the mean Ϯ SEM or range (for n ϭ 2). Data were analyzed using a one-sided Student's t test.
Immunoblot detection. Freshly isolated atria or cardiomyocytes cultured for the indicated time were rinsed and homogenized in PBS. Soluble cytoplasmic proteins were collected after centrif ugation to remove particulate material and were dissolved in Laemmli sample buffer. Protein samples were subjected to SDS-PAGE (7.5% acrylamide) and transferred to nitrocellulose membranes as described previously (Koshlukova et al., 1996; Wishingrad et al., 1997) . Immunoblots were assayed first with a polyclonal antibody directed against tyrosine-phosphorylated (Y705) STAT3 (1:1000) and then were stripped and assayed with a monoclonal antibody to STAT3 for normalization. Some blots were probed with an anti-synapsin I antibody (1:5000) or an antineurofilament antibody (1 g /ml). Antibody -antigen complexes were visualized using enhanced chemiluminescence according to the manufacturer's instructions (Amersham, Arlington Heights, IL). The level of signals was quantitated by scanning densitometry.
Immunoc ytochemistr y. C ardiomyocytes prepared as described above were plated on coverslips, fixed in 4% paraformaldehyde for 15 min at room temperature, permeabilized in 0.1% Triton X-100 in PBS for 5 min, and washed. The cells were then blocked in 5% bovine serum albumin and PBS for 20 min, incubated with primary antibodies in 5% bovine serum albumin and PBS for 2 hr at room temperature, and subsequently incubated with rhodamine-labeled secondary antibodies (C appellWorthington, Durham, NC).
Binding assays. Quantitation of muscarinic acetylcholine receptors was performed on a crude membrane preparation from cell cultures using [ 3 H]quinuclidinyl benzilate (QN B) as described previously . Nonspecific binding was determined in the presence of 10 M atropine. Nicotinic acetylcholine receptors were quantified on intact ciliary ganglion neurons using 125 I-␣-bungarotoxin as described previously (Halvorsen and Berg, 1989) .
Materials. Embryonated chick eggs (White Leghorn) were obtained from Gawlak Farms (Lawton, N Y) and grown at 37°C in a humidified incubator. Human recombinant C N TF was provided by Regeneron Pharmaceuticals (Tarrytown, N Y), anti-synapsin I antibody was from J. Bixby (University of Miami), and GPA (avian C N TF) was a gift from R. Nishi (Oregon Health Sciences University). Monoclonal anti-STAT3 antibody was from Transduction Laboratories (Lexington, K Y), polyclonal anti-phospho-STAT3 antibodies were from New England Biolabs (Beverly, M A), anti-neurofilament monoclonal antibody (145 kDa) was from Oncogene Research Products (C ambridge, M A), goat anti-mouse IgG-HRP was from Amersham, and goat anti-rabbit IgG-HRP was from Amresco (Solon, OH). Sources of other reagents were as described previously (Koshlukova et al., 1996; Malek and Halvorsen, 1997) .
RESULTS

Expression of CNTF receptor ␣ mRNA in heart peaks during the onset of parasympathetic innervation of atria
We found previously that cultures of embryonic chick heart myocytes express mRNA for the CNTF receptor ␣ subunit (Wang and Halvorsen, 1998) . To exclude the possibility that expression of this transcript was induced only as a result of cell culture, we assayed mRNA isolated from atria and ventricles during embryonic development. A single transcript size of ϳ2.7 kb was detected in mRNA from hearts isolated from E3 to E21 embryos as measured by Northern blotting (Fig. 1 A) . Expression of CNTF receptor mRNA was four times greater in atria isolated from E11 to E13 embryos compared with that in tissue from E6 embryos. Ventricles showed approximately a twofold increase in CNTF receptor between E6 and E13. In addition, levels in E13 atria were 2.5 times greater in atria than in ventricles ( Fig. 1 A) . This developmental profile was different from that observed for skeletal muscle in which expression levels were stable from E6 to E13 and then declined to ϳ60% of that level by E21 (Fig. 1 B) . Expression of CNTF receptor in ciliary ganglia showed a profile qualitatively similar to that in heart, but the peak at E11 was only 1.6 times that of E6 (Fig. 1 B) . Thus, heart CNTF receptor mRNA exhibited both temporal and spatial regulation during cardiac development.
Expression of functional CNTF receptors on atrial myocytes
Because the known CNTF receptor is composed of at least two subunits in addition to CNTF receptor ␣, we determined whether heart expresses functional CNTF receptors coupled to the Jak and STAT signal transduction pathway. Atria were freshly isolated and placed in an organ bath before treatment with CNTF. Atria stimulated with CNTF showed an increase in tyrosine phosphorylation of the transcription factor STAT3 as detected by immunoblotting with an antibody specific to phosphorylated (Y705) STAT3 (Fig. 2 A) .
Atrial tissue includes several cell types including cardiac fibroblasts, cardiomyocytes, and parasympathetic cardiac ganglia. To determine which cells expressed functional CNTF receptors, we prepared primary cultures highly enriched in myocytes by preplating the dissociated cells to remove fibroblasts. No neurons were observed in these cardiomyocyte cultures, and no reactivity with anti-synapsin I (Fig. 2 E) or anti-neurofilament (data not shown) antibodies was detected on immunoblots. Cultures of atrial myocytes treated with either human CNTF or chicken CNTF (GPA) also showed an increase in phospho-STAT3 (Fig.  2 B) . Experiments performed with cultures of chick ventricle myocytes gave results similar to that of experiments with atrial myocytes except that ventricular cells required higher concentrations of CNTF to elicit equivalent phospho-STAT3 responses (data not shown). The response to CNTF of the cultured fibro-blasts from the preplating step was attenuated several fold compared with the response of the myocytes and probably reflected the carryover of some cardiomyocytes into the fibroblast preparation (Fig. 2 D) . Additionally, fibroblasts isolated during this procedure showed negligible levels of CNTF receptor mRNA compared with atrial myocytes, supporting the conclusion that it was the myocyte population and not fibroblasts that express CNTF receptors.
To confirm that CNTF was activating STAT3 in cardiomyocytes, we tested for nuclear translocation of phospho-STAT3 using fluorescence microscopy. Untreated myocytes showed a diffuse distribution of STAT3 in the cytoplasm, whereas cells treated for 15 min with CNTF demonstrated a nuclear accumulation of the protein (Fig. 3) . Overall, ϳ35% of the myocytes showed a clearly detectable nuclear STAT3 signal after CNTF treatment, whereas untreated cells never showed nuclear STAT3. The response was not seen in all cells, perhaps because the atria were isolated from E9 embryos, which have a relatively low expression of CNTF receptor mRNA. These data show that atrial myocytes express functional receptors that couple CNTF binding to the Jak and STAT signaling pathway.
Some reports suggest that CNTF at higher concentrations may activate the LIF receptor in the absence of CNTF receptor ␣ (Gearing et al., 1994) . Because the chick CNTF receptor ␣ is attached to the extracellular membrane by a glycosylphosphatidylinositol bond (Heller et al., 1995; Ip et al., 1995; Koshlukova et al., 1996) , we determined whether the CNTF response was still present after treatment with a phosphatidylinositol-specific phospholipase C. Exposure of cells to phosphatidylinositol-specific phospholipase C resulted in a Ͼ90% decrease in the CNTF-induced tyrosine phosphorylation of STAT3 (Fig. 2C) , a result consistent with CNTF acting via the glycosyl-phosphatidylinositol-linked CNTF receptor ␣ subunit.
The level of CNTF receptor ␣ subunit mRNA correlates with the degree of response of cells to CNTF. A comparison of the CNTF sensitivity of atrial tissues between E8 and E11 embryos showed that E11 atria responded with a significantly greater STAT3 response than did E8 atria (Fig. 4) . In this assay, atria from E8 embryos were relatively insensitive to CNTF at concentrations of 10 pM or lower, whereas atria from E11 embryos showed a significant response to 1 pM CNTF (Fig. 4) . After we take into account that these atria represent intact tissue and that atrial CNTF receptor mRNA levels are ϳ10-fold lower, this level of sensitivity to CNTF agrees well with that predicted from earlier results from cultured ciliary ganglion neurons that revealed a half-maximal survival response to CNTF of ϳ1 pM (Koshlukova et al., 1996) . Furthermore, these data are consistent with our previous results showing a good correlation between CNTF receptor ␣ mRNA levels, CNTF receptor numbers, and CNTF sensitivity in cultured ciliary ganglion neurons and in SH-SY5Y neuroblastoma cells (Malek and Halvorsen, 1997; Wang and Halvorsen, 1998) . Thus, the increased expression of CNTF receptor mRNA at E11 was accompanied by an increased responsiveness of these atria.
Chick heart extracts contain CNTF mRNA and CNTF-like bioactivity
For the presence of CNTF receptors on cardiomyocytes to be functionally relevant, there must be a source of CNTF in the embryonic heart. Soluble extracts from embryonic hearts were Figure 1 . Peak expression of C N TF receptor ␣ mRNA at E11-E13 in developing chick atria. Tissues were isolated from chick embryos of the indicated age and processed for Northern analysis of C N TF receptor ␣ and L27 mRNAs as described in Materials and Methods. A, Top, Relative amounts of CNTF receptor ␣ mRNA from atria ( filled square) and ventricles ( filled circle) plotted after levels were normalized to the signal detected in E13 ventricle preparations. The results are the means of two determinations (Ϯ range) for all ages except for E3 and E4 in which n ϭ 1. A, Bottom, Representative result comparing C N TF receptor (CNTFR␣) and L27 mRNA signals from atria of the indicated ages. At E13, atria expressed 2.5 times more C N TF receptor ␣ mRNA than did ventricles. B, Relative amounts of C N TF receptor ␣ mRNA from skeletal muscle (open circle) and ciliary ganglia ( filled triangle) plotted after levels were normalized to the signal detected from each tissue at E13. The results are the mean of two determinations (Ϯ range) for skeletal muscle and the mean of three determinations (Ϯ SEM) for ciliary ganglia. A direct comparison indicated that E13 skeletal muscle expressed four times as much CNTF receptor mRNA as did E13 atria (n ϭ 2).
used as a source of putative C N TF-containing 20 -25 kDa material and were tested on cultured ciliary ganglion neurons for stimulation of cell growth and regulation of ␣-bungarotoxinbinding nicotinic acetylcholine receptors (Halvorsen and Berg, 1989; Koshlukova et al., 1996) . These effects are much more specific for C N TF on ciliary ganglion neurons than is assessing cell survival (Halvorsen and Berg, 1989; Eckenstein et al., 1990) . Treatment of ciliary ganglion neurons with heart extracts produced an increase in cell growth and a downregulation of 125 I-␣-bungarotoxin binding (Fig. 5A) . The effects of heart extract were similar to those of chick eye-derived C N TF, and when the two components were used in combination, the effects were not additive. At maximal concentrations, the response of the heartderived C N TF activity on nicotinic receptor levels was the same as that of eye C N TF (Fig. 5B) . Thus, extracts prepared from embryonic chick heart contain C N TF-like bioactivity.
To determine whether C N TF is produced in the heart, we assayed for expression of avian C N TF mRNA using Northern analysis. A single band of ϳ1.6 kb was detected in Northern blots of mRNA from embryonic atria and eye, and densitometric analysis revealed that atria expressed ϳ10% of the level expressed in eyes (Fig. 6 A) . The developmental profile of C N TF mRNA in chick heart produced a pattern similar to that seen for CNTF receptor ␣ mRNA. Levels in atria from E11 embryos were ϳ25% greater than those from E8 embryos, and E11 atria expressed approximately twice the amount seen in E11 ventricles (Fig. 6 B) .
The magnitude of the increase from E8 to E11 in CNTF mRNA was much less than that seen for CNTF receptor mRNA, but the difference between atrial and ventricular expression was similar for both CNTF and its receptor.
Muscarinic acetylcholine receptor activity upregulates atrial CNTF receptor mRNA in vivo
The developmental profiles of the expression of CNTF and CNTF receptor mRNAs revealed a correlation with the maturation of parasympathetic synapses in the atria (Pappano and Löffelholz, 1974) . To determine whether the increase in CNTF receptor mRNA is dependent on activity at developing cholinergic synapses in the heart, we treated embryos with the muscarinic acetylcholine receptor agonist carbachol to mimic parasympathetic activity or with the muscarinic receptor antagonist atropine to prevent the effects of cholinergic activity. Treatment of E9 embryos with carbachol for just 8 hr resulted in an additional 24% increase in atrial CNTF receptor mRNA compared with that in embryos allowed to develop normally (Fig. 7) . Blockade of muscarinic receptors with atropine between E9 and E11 resulted in atrial CNTF receptor levels that were 60% of those seen in untreated embryos (Fig. 7) . This represented an inhibition of nearly 50% of the expected developmental increase over this period. Therefore, expression of CNTF receptor mRNA in atria was regulated by muscarinic receptor activity. , and cultured E9 atrial myocytes were treated with CNTF (2 nM) for 10 min or GPA (2 nM) for 5 or 10 min (B). C ell lysates were subjected to immunoblot analysis with an anti-phospho-STAT3 antibody (PY-STAT3; upper rows). Blots were subsequently stripped and reprobed with an anti-STAT3 antibody (STAT3; lower rows) for normalization of protein levels. Similar results were observed in five to six independent experiments. C, Cultured atrial myocytes were untreated or exposed to phosphatidylinositol-specific phospholipase C (PLC) for 50 min before stimulating with C NTF (1 nM) for 10 min. C ell lysates were processed for phospho-STAT3 and STAT3 levels as described in A. Similar results were observed in two additional experiments. D, Enriched cultures of cardiac fibroblasts (FB; from the preplating step, left columns) and atrial myocytes (after preplating, right columns) were prepared as described in Materials and Methods and were tested for C N TF-induced STAT3 tyrosine phosphorylation. Cells were untreated (-; open bars) or treated with CNTF (2 nM; ϩ; shaded bars) for 10 min, and cell lysates were subjected to immunoblot analysis for STAT3 tyrosine phosphorylation with the anti-phospho-STAT3 antibody and the anti-STAT3 antibody. The results were quantified and presented as the mean (Ϯ SEM; n ϭ 3) of the ratios of phosphotyrosine-STAT3 to STAT3 signals in C N TF-treated cells normalized to the signal from untreated cells. E, Immunoblot of cell lysates from cultures of atrial fibroblasts (FB), atrial myocytes (Myo), and ciliary ganglion neurons (CG) was probed with anti-synapsin I antibody. The arrow indicates the position of synapsin (ϳ84 kDa) that is present in neural cultures but not discernible in fibroblast or muscle cultures (n ϭ 3 determinations). Horizontal bars indicate the positions of molecular weight standards of 200, 97.4, 68, and 43 kDa, from top to bottom, respectively. A similar pattern of expression was obtained using an anti-neurofilament antibody (data not shown).
CNTF regulates muscarinic receptor levels in cultured atrial myocytes
Previous reports suggest that C N TF may play a role in the development or maintenance of skeletal neuromuscular junctions (Stoop and Poo, 1995; Jordan, 1996) . These results, coupled with ours indicating that muscarinic receptor activity regulates CNTF receptor expression, suggested that C N TF may affect parasympathetic synaptic components in the heart. Therefore, we tested for the effects of C N TF on cultured cells because the efficiency of CNTF absorption across the chorioallantoic membrane and into embryos has not been determined. Treatment of cultured E9 atrial myocytes with CN TF for 24 hr resulted in a concentrationdependent increase of up to twofold in muscarinic receptor levels (Fig. 8) . C N TF treatment of ventricular myocytes, which have less C N TF receptor mRNA and a diminished Jak and STAT response, resulted in no significant change in muscarinic receptor number (Fig. 8) . Control experiments performed on cultured cardiac fibroblasts detected an insignificant number of muscarinic receptors, with or without C N TF treatment (Fig. 8) . Thus, CNTF treatment of atrial myocytes resulted in an increased number of muscarinic receptors, the principal site of action of acetylcholine on heart cells.
DISCUSSION
Two key questions pertaining to cytokine neurobiology are addressed in this report. One is how cells regulate their response to individual cytokines during specific stages of development. The second is the role(s) of neurokine receptors that are expressed on target cells of the nervous system. The physiological role(s) of CNTF-like cytokines in the development and maintenance of the vertebrate nervous system is still being elucidated, but they have dramatic effects on a variety of neuronal and glia cell types. Here, we have described a critical period of CNTF receptor expression in the developing chick heart that seems to impart on atrial myocytes a brief window of increased sensitivity to CNTF regulation of muscarinic acetylcholine receptor number. At the same time, activity of muscarinic receptors at maturing parasympathetic synapses in atria is a key regulator of CNTF receptor expression.
Parasympathetic innervation and expression of CNTF receptors in the developing chick heart
We found that the expression of CNTF and CNTF receptor ␣ subunit mRNA was much higher in atria than in ventricles and peaked at E11-E13. This corresponds to the time during which functional parasympathetic synapses are forming on sinoatrial node cells in the chick (Pappano and Löffelholz, 1974) . Morphological signs of impending parasympathetic innervation appear even earlier as vagal fibers extend throughout the atria from E5 to E7 (see Pappano, 1977) and cardiac ganglia are observed in atria as early as E7-E8 (Rickenbacher and Müller, 1979) . A more precise correlation of timing between synapse formation and CNTF receptor expression must await a careful analysis of the appearance of synaptic function and synapse-specific markers. In the chick, more so than in mammals, parasympathetic innervation of ventricles is also evident, but this occurs to a lesser extent than in atria (see Löffelholz and Pappano, 1985) . Our data support a role for this emerging cholinergic activity in the regulation of CNTF receptors. Stimulation of muscarinic acetylcholine receptors in ovo with carbachol caused a 24% increase in CNTF receptor expression compared with that in untreated embryos. This resulted in a doubling of the rate of accumulation of CNTF receptor mRNA from 2.4% per hour in normal embryos to over 5% per hour in the presence of carbachol. Furthermore, inhibition of muscarinic receptors with atropine prevented nearly half of the normal developmental increase between E9 and E11. It is unclear, however, whether all of the in vivo increases of CNTF receptors can be accounted for by muscarinic receptor activity. The failure of atropine to prevent completely the increase in CNTF receptor may be because some effects of acetylcholine have been initiated by E9. But, other neuromodulators, such as ATP and somatostatin, are coreleased with acetylcholine from parasympathetic nerves (Epstein et al., 1988; Brodde and Zerkowski, 1994) and may also influence C N TF receptor expression.
During the period when CNTF receptor expression increased nearly fourfold in atrial muscle, levels showed a gradual decline in skeletal muscle; thus the increase in heart was not a general feature of chick development. Interestingly, CNTF receptor lev- Figure 5 . Embryonic chick heart contains C N TF-like bioactive components. Soluble extracts from E15 hearts were passed over a sizing column, and 25 kDa components were pooled, producing a partially purified preparation of CNTF (Halvorsen and Berg, 1989) . A, A heart C N TF pool (3% v/v; 2.7 g of protein /ml of final ml of final solution) and chick eye CNTF pool were tested for activity for 3 d on cultured E8 ciliary ganglion neurons by measuring cellular lactate dehydrogenase (LDH) activity (for growth) and levels of 125 I-␣-bungarotoxin (␣Bgt) binding. The effects of heart and eye CNTF were not additive. Results are means Ϯ range for n ϭ 2 experiments. B, The medium for E8 ciliary ganglion neurons was supplemented with the indicated final concentration (v/ v) of the heart CNTF pool or the eye C N TF pool (3% v/ v) for 3 d. Specific 125 I-␣-bungarotoxin binding was performed, and the results were normalized to cellular LDH activity. At maximal concentrations (10%), the magnitude of heart CNTF effects was similar to that of eye C N TF. The results are from a single experiment performed in triplicate (mean Ϯ SEM). Figure 6 . E xpression of avian C N TF mRNA peaks at E11 in embryonic atria. A, Northern blot hybridization of an [␣-32 P]dATP-labeled probe for chick C N TF mRNA detected an ϳ1.6 kb species (arrow) in poly(A ϩ ) RNA prepared from E11 atria and eyes. Horizontal bars indicate RNA molecular size markers (BRL) of 9.49, 7.46, 4.40, 2.37, 1.35, and 0.24 kb from top to bottom, respectively. B, Poly(A ϩ ) RNA was isolated from E8, E11, E13, and E16 atria ( A) and from E11 heart ( H ) and ventricle ( V ) and subjected to Northern analysis. Results were quantified by phosphoimaging, normalized to control L27 mRNA levels, and plotted relative to the C N TF to L27 ratio of E8 atria. The results are the mean (Ϯ range) of two independent experiments. els in the parasympathetic chick ciliary ganglia showed a peak coinciding with that in heart. This is also the period during which chick ciliary ganglion neurons are consolidating synapses in their targets in the eye; thus it may be that C N TF receptors play both a pre-and postsynaptic role in cholinergic synapse formation.
Role of CNTF receptors on developing myocytes
Cardiomyocytes have f unctional C N TF receptors that stimulate the tyrosine phosphorylation of STAT3 and result in its cytosolto-nuclear translocation. This is a hallmark of functional CNTF receptor activation in all tissues studied to date but had not been documented previously in cardiomyocytes, although LIF was shown to activate the Jak and STAT pathway in rat cardiac myocytes (Kunisada et al., 1996) . CNTF stimulation of STAT3 was observed in cultured myocytes as well as in freshly isolated atria. This result, combined with our finding that embryonic chick heart expressed avian CNTF, indicates that under these conditions CNTF receptors are not maximally activated by CNTF in atria and suggests that regulating the levels of CNTF and/or its receptors will affect cellular responsiveness. An important effect of CNTF on cultured atrial myocytes was the upregulation of acetylcholine receptors, a main determinant of parasympathetic effects in the heart. This effect of CNTF was not observed in cultured ventricular myocytes and suggests a correlation with the normal developmental increase in chick atrial muscarinic receptors that coincides with parasympathetic innervation. Expression of muscarinic receptors in embryonic chick atria, but not ventricles, was shown previously to increase by 30% to 60% between E10 and E15 (Kirby and Aronstam, 1983; Luetje et al., 1987) . Furthermore, the developmental increase was prevented by administration of the muscarinic antagonist atropine (Kirby and Aronstam, 1983) . Our results are consistent with CNTF mediating this developmental increase in muscarinic receptor levels in atria in response to increased CNTF receptor levels.
The mechanism of the CNTF regulation of muscarinic receptors has not been determined. Rosoff et al. (1996) have mapped a region of the promoter for the chick m2 acetylcholine receptor gene that is sensitive to CNTF and LIF when transfected in a reporter construct into nerve cells but, interestingly, not into heart cells. Our results suggest that the absence of detectable CNTF effects on muscarinic acetylcholine receptor levels in their study was likely attributable to the preponderance of ventricular myocytes in cultures derived from total chick heart (Rosoff et al., 1996) . The question of why ventricles lack this CNTF response is intriguing. Although CNTF elicits tyrosine phosphorylation of STAT3 in ventricular myocytes (X. Wang and S. W. Halvorsen, unpublished observations), the response requires much greater concentrations of CNTF than is required in atrial myocytes, perhaps because of the lowered level of CNTF receptor expression in ventricles. However, it is possible that CNTF activation of STAT3 is not the primary means of muscarinic receptor regulation and that alternative CNTF-activated pathways may be required. The coupling of CNTF receptors to these pathways may be limiting in ventricular myocytes.
A model for parasympathetic synapse formation
These results offer a model for parasympathetic synapse formation that involves a coordination of pre-and postsynaptic actions. Neurites growing through the atria would release small amounts of acetylcholine that is sensed by myocytes. Myocytes respond by increasing the expression of CNTF receptors (and possibly CNTF) that has an autocrine action to increase muscarinic receptor levels further and to enhance muscle and pacemaker responses to parasympathetic nerve activity.
This effect of CNTF on cardiac muscle seems to be different from the effects reported for skeletal muscle. In skeletal muscle, CNTF reduces denervation-mediated muscle atrophy (Helgren et al., 1994) and helps maintain polyneural innervation of muscle fibers (English and Schwartz, 1995; Kwon et al., 1995; Jordan, 1996) , responses that are intimately associated with the unique physiology of skeletal muscle compared with cardiac muscle. Muscarinic acetylcholine receptor activity regulates C N TF receptor ␣ mRNA. Embryos were untreated (-) or treated on day 9 with carbachol (CARB; 2 mol) for 8 hr or atropine (ATROP; 0.1 mol) for 48 hr. Atrial mRNA was isolated and subjected to Northern analysis using the CNTF receptor ␣ probe followed by the L27 probe for normalization. The results are means expressed relative to results from untreated embryos of the same age and are from two and three independent experiments for carbachol-and atropine-treated embryos, respectively. 
